Background: PPAR␥ ligands can be used in numerous metabolic syndromes. Results: A novel non-agonist PPAR␥ ligand, UHC1 exhibited great beneficial effects on glucose metabolism and anti-inflammatory response. Conclusion: UHC1 shows anti-diabetic action by blocking CDK5-mediated PPAR␥ phosphorylation. Significance: UHC1 can be a novel therapeutic agent for use in type 2 diabetes and related metabolic disorders.
Peroxisome proliferator-activated receptor ␥ (PPAR␥) 4 is a member of the nuclear receptor family of ligand-activated transcription factors (1, 2) . It is highly expressed in adipose tissue and regulates diverse biological functions, including adipocyte differentiation, lipid metabolism, and inflammation (3) . There are two isoforms of PPAR␥, PPAR␥1 and PPAR␥2, which are generated by alternative promoter use. PPAR␥2, which contains an additional 30 amino acids at the N terminus compared with PPAR␥1, is expressed predominantly in adipose tissue, whereas PPAR␥1 is expressed ubiquitously (4) . Biological ligands for PPAR␥ are yet to be identified, but PPAR␥ can be activated by various fatty acids and their metabolites, as well as by the thiazolidinedione (TZD) class of anti-diabetic drugs, which includes rosiglitazone and pioglitazone (5, 6) .
PPAR␥ activation requires the stabilization of helix 12 or AF-2 (activation function-2) region after the binding of a ligand to the ligand binding domain (LBD) of PPAR␥ (7, 8) . For example, TZDs bind directly to the PPAR␥ LBD and activate the transcription of PPAR␥ target genes that play roles in a variety of metabolic pathways (6) . PPAR␥ can also be activated by partial agonists. Some selective PPAR␥ modulators bind to the PPAR␥ LBD and increase PPAR␥ transcriptional activity (9) . Although the structural mechanism behind the activation of PPAR␥ by these molecules is poorly understood, it may stabilize other regions in the ligand binding pocket such as the helix 3 region (10) . Nevertheless, these molecules have similar glucose-lowering and anti-diabetic effects as full agonists, with reduced side effects such as weight gain and fluid retention (11, 12) . These results strongly suggest that PPAR␥ agonism is not correlated directly with anti-diabetic action. Recently, we demonstrated that the phosphorylation of PPAR␥ by cyclin-dependent kinase 5 (CDK5) did not alter its adipogenic activity, but dysregulated a specific set of genes with roles in obesity and diabetes (13, 14) . Importantly, the non-agonist PPAR␥ ligand SR1664 blocked PPAR␥ phosphorylation and exerted potent anti-diabetic activity, but with fewer side effects such as fluid retention, bone fractures, and weight gain (14) . These results indicate that it may be possible to develop novel anti-diabetic drugs that target PPAR␥. However, SR1664 has poor chemical properties, including its pharmacokinetics and solubility; therefore, we modified SR1664 to improve these parameters.
In the current study, we developed a novel non-agonist PPAR␥ ligand (UHC1) that blocked CDK5-mediated PPAR␥ phosphorylation, avoided classical PPAR␥ agonism, and bound strongly to the LBD of PPAR␥. A biophysical analysis revealed that UHC1 bound directly to the LBD of PPAR␥ without activating its transcriptional activity. UHC1 did not enhance adipogenesis or adipogenic gene expression in 3T3-L1 cells. Interestingly, UHC1 significantly inhibited the inflammatory responses in both 3T3-L1 adipocytes and Raw264.7 macrophages. In addition, UHC1 improved insulin sensitivity without the common side effects of TZDs, including weight gain and fluid retention, in mice fed a high-fat diet (HFD). Taken together, these data indicate that nonagonist PPAR␥ ligands could be used to treat type 2 diabetes and that UHC1 is a potent therapeutic agent for diabetes.
EXPERIMENTAL PROCEDURES
Cell Culture-3T3-L1, HEK-293, and Raw264.7 cells were obtained from ATCC and cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. FLAG-PPAR␥ and FLAG-PPAR␥ S273A were subcloned into pMSCV-puro retroviral vector (Agilent Tech.). Adipocyte differentiation of 3T3-L1 was performed described previously (13, 14) . 3T3-L1 adipocytes or Raw264.7 cells were preincubated with PPAR␥ agonists for 24 h and treated with TNF-␣ (10 ng/ml) for 3 h or LPS (100 ng/ml) for 6 h, respectively. All chemicals for cell culture were obtained from Sigma unless otherwise indicated. Fig. 1a )).
In Vitro Kinase and Binding Assay-Active CDK5/p35 kinase were purchased from Millipore. In vitro CDK kinase assay was performed according to the manufacturer's instructions (Cell Signaling Technology). Briefly, 0.5 g of recombinant PPAR␥ (Cayman Chemicals) were incubated with active CDK kinase in kinase assay buffer (25 mmol/liter Tris-HCl, pH 7.5, 5 mmol/ liter ␤-glycerophosphate, 2 mmol/liter DTT, 0.1 mmol/liter Na 3 VO 4 , 10 mmol/liter MgCl 2 ) containing 20 mol/liter ATP for 15 min at 30°C. Positive control for assay, purified retinoblastoma protein (Rb; Cell Signaling Technology) was used. UHC1 was pre-incubated with substrates for 10 min, and the assay was performed. Phosphorylation of substrates after SDS-PAGE was analyzed with anti-CDK substrate antibody to detect phospho-Ser in a KSPXK motif, which is the consensus motif for CDK substrate proteins (Cell Signaling Technology) (13) . Lan-thaScreen TR-FRET PPAR␥ competitive binding assay was performed according to the manufacturer's instructions (Invitrogen).
In Silico Binding Simulation-The binding pose was predicted by docking simulation using the Discovery Studio 1.7 program. PPAR␥ ligand-binding pockets were defined from receptor cavities, and the LigandFit module implemented in the Receptor-Ligand Interaction protocol was used for detailed calculations. X-ray crystal structure of PPAR␥ ligand binding domain (Protein Data Bank code 2HFP) was used in the docking simulation and the subsequent structural analysis with the Discovery Studio Visualizer 3.0 program (Accelrys Software, Inc.).
Surface Plasmon Resonance-The dissociation constant of compounds toward His-PPAR␥-LBD was determined by surface plasmon resonance spectroscopy using a Biacore T100 instrument (GE Healthcare). The surface carboxyl group of CM5 sensor chip was activated with a mixture of 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide and N-hydroxysuccinimide in flow cells 1 and 2 to generate the reactive succinimide ester on the surface of sensor chip. Human PPAR␥-LBDs (20 mmol/liter HEPES, 1 mmol/liter TCEP, pH 8.0) were then immobilized on the flow cell 2 via amide bond formation with succinimide ester on the surface of sensor chip. The remaining succinimide ester on flow cells 1 and 2 was quenched by injecting 1 mol/liter ethanolamine-HCl (pH 8.0). Phosphate buffered saline (PBS, 137 mmol/liter NaCl, 2.7 mmol/liter KCl, 10 mmol/liter Na 2 HPO 4 , 2 mmol/liter KH 2 PO 4 , pH 7.4) was used as the running buffer throughout the immobilization process. After immobilization, various concentrations of the ligands (SR1664, 100 nmol/liter to 1 mol/liter; UHC1, 300 nmol/liter to 2 mol/liter) were injected for 60 s at a flow rate of 30 l/min, and dissociation from the sensor surface was monitored for 360 s at the same flow rate. A 20 mmol/liter HEPES buffer (pH 8.0) containing 5% (w/v) dimethyl sulfoxide, 150 mmol/liter NaCl, 1 mmol/liter EDTA, and 0.005% (w/v) P20 was used as the running buffer. The binding events were measured at 25°C. Data were analyzed using the Biacore T100 Evaluation software (GE Healthcare). Final sensorgrams were obtained by eliminating responses from flow cell 1 and the buffer-only control. The dissociation constant (K D ) was calculated by fitting the sensorgrams to the 1:1 binding model.
Immunoprecipitation and Immunoblotting-HEK-293 cells expressing PPAR␥ were treated with TNF-␣ (50 ng/ml), and total cell lysates were incubated with FLAG M2 agarose (Sigma) at 4°C. Immunoprecipitates or total cell or tissue lysates were analyzed with phospho-specific antibody against PPAR␥ Ser-273 (13) or anti-PPAR␥ antibody (Santa Cruz Biotechnology).
Reporter Gene Assay-HEK-293 cells were transfected with pDR-1 luciferase reporter plasmid, PPAR␥, RXR␣, and pRL-Renilla using Lipofectamine 2000 (Invitrogen). Following an overnight transfection, the cells were treated with rosiglitazone or UHC1 for 24 h. The cells were harvested, and reporter gene assays were carried out using the Dual-Luciferase kit (Promega). Luciferase activity was normalized to Renilla activity.
Gene Expression Analysis-Total RNA was isolated from cells or tissues using TRIzol reagents (Invitrogen). The RNA was reverse-transcribed using an ABI reverse transcipton kit. Quantitative PCR reactions were performed with SYBR green fluorescent dye using an ABI9300 PCR machine. Relative mRNA expression was determined by the ⌬⌬ϪC t method normalized to TATA-binding protein levels. The sequences of primers used in this study are found in Table 1 .
Animals-All animal experiments were performed according to procedures approved by Ulsan National Institute of Science and Technology's Institutional Animal Care and Use Committee. 5-Week-old male C57BL/6J mice were fed a high fat diet (60% kcal fat, D12492, Research Diets, Inc.). For glucose tolerant tests, mice were intraperitoneally (i.p.) injected daily 30 mg/kg of UHC1 or vehicle for 7 days and fasted overnight prior to intraperitoneal injection of 2 g/kg D-glucose. Serum insulin (Crystal Chemicals) and serum cholesterol, FFAs, triglycerides, and adiponectin were determined by ELISA (Cayman Chemicals and Millipore). For analysis of inflammatory gene expression, mice were intraperitoneally injected daily 20 mg/kg of UHC1, SR1664, or vehicle for 21 days, and adipose tissues were analyzed.
Phamacokinetic Studies-Six-week-old male Sprague-Dawley rats (220 g) were purchased from Orient Bio (Orient Bio., Inc., Seoul, Korea). The rats were housed in an air-conditioned room at temperature of 22 Ϯ 2°C and a relative humidity of 50 Ϯ 10% with a 12-h dark/light cycle and allowed food and water spontaneously. Rats were fasted for 12 h before the experiment with water freely available. After an intravenous admin-istration of SR1664 or UHCl at a dose of 1 mg/kg, blood samples were harvested into 1.5-ml Eppendorf tubes with 3.8% sodium citrate from each rat via the jugular vein before dosing and at 0.083, 0.25, 0.50, 1.0, 2.0, 3.0, 4.0, 6.0, and 24 h. After centrifugation at 3000 rpm/min for 10 min, plasma samples were transferred to neat tubes and stored at Ϫ20°C until analysis. All pharmacokinetic parameters were evaluated by noncompartmental analysis using Phoenix WinNonlin software (version 6.0, Pharsight Co., Ltd., Mountainview, CA).
Sample Preparation-Sample preparation was performed by protein precipitation with acetonitrile. An 80-l aliquot of acetonitrile containing internal standard was added to 20-s aliquots of serum samples and vortexed. After centrifugation (9000 ϫ g, 10 min, 4°C), a 1:1 aliquot of the supernatant was injected into the LC-MS/MS system. All prepared samples were kept in an autosampler at 4°C until injection.
LC-MS/MS Analysis-The concentrations of SR1664 and UHC1 were measured by LC-MS/MS. The system consisted of an Triple Quad 5500 LC-MS/MS system (Applied Biosystems, Foster City, CA) equipped with an electrospray ionization interface used to generate positive ions [M Ϫ H] ϩ . The compounds were separated on a reversed-phase column (Kinetex C18, 2.1 ϫ 100 mm, 1.7 m particle size; Phenomenex) with an isocratic mobile phase consisting of water and acetonitrile containing 0.1% formic acid. The mobile phase was eluted using an Agilent 1290 infinity series pump (Agilent, Wilmington, DE) at 0.4 ml/min. The optimized ion spray voltage and temperature were set at 5500 V and 500°C, respectively. The operating conditions were optimized by flow injection of an analyte and were determined as follows: CUR (curtain gas), 25 psi; GS1 (nebulizing gas), 50 psi; GS2 (turbo gas), 50 psi; collision gas (CAD), 5 psi; declustering potential (DP), 1 V; entrance potential (EP), 10 
TACATTGGCTCTAGTGGCTCC CAGTAGGTGATGGTGGGAAGTA V; collision cell exit potential (CXP), 30 V; collision gas (nitrogen) pressure, 1.8 ϫ 10 Ϫ5 Torr. Quadrupoles Q1 and Q3 were set on unit resolution. Multiple reaction-monitoring mode using specific precursor/product ion transition was used for the quantification. The ions were detected by monitoring the transitions of m/z 548.106 3 382.1 for SR1664 (collision energy, 21 eV) and 490.03 3 211.0 for UHC1 (collision energy, 45 eV). The analytical data were processed by Analyst software (version 1.5.1; Applied Biosystems, Foster City, CA).
RESULTS
Identification of the Novel PPAR␥ Ligand UHC1-We demonstrated previously that CDK5 can phosphorylate PPAR␥ and PPAR␥ ligands that can block PPAR␥ phosphorylation exhibit improved insulin sensitivity (13, 14) . To identify novel antidiabetic drugs, we performed in silico docking studies for rational drug design. Of particular interest was SR1664, which has non-agonism of PPAR␥. Although SR1664 has potent anti-diabetic activity in vivo, it has poor pharmacokinetics and solubility.
Therefore, we performed a modular synthetic approach to prepare a series of SR1664 analogs. We then tested the in vitro binding affinity of these compounds for the PPAR␥ LBD and assessed the transcriptional activation of PPAR␥. One of these analogs, UHC1, was identified as a promising candidate (Fig. 1a ).
Next, we compared the in silico docking simulations of UHC1 and SR1664 (Fig. 1b) . The docking score of UHC1 for the LBD of PPAR␥ revealed that UHC1 might fit better than SR1664 in the proper binding mode. Interestingly, a carboxylic acid moiety of UHC1 was assumed to interact with Lys-395 in helix 8 of the PPAR␥ LBD, whereas the opposite mode of binding was predicted in the case of SR1664. Although UHC1 and SR1664 have different modes of binding, their intermolecular interactions between the ligand and PPAR␥ were similar; helix 3, helix 8, and the loop were affected by ligand binding (Fig. 1b) . We next calculated the molecular descriptors, from which we can predict the physicochemical properties of UHC1 and SR1664 by comparing the topological polar surface area (UHC1, 87 Å 2 ; SR1664, 120 Å 2 ). In pharmacokinetic analysis, UHC1 showed lower tissue distribution (V d ) and higher elimination rate constant (K a ) than those of SR1664, suggesting the solubility of UHC1 is significantly improved (15) (Fig. 1, c and  d) . Furthermore, we assessed the direct binding affinity of UHC1 and SR1664 to the PPAR␥ LBD using surface plasmon resonance ( Fig. 2a ). Both SR1664 and UHC1 had strong binding affinity for the PPAR␥ LBD, and the effects were dose-dependent. These results suggest that UHC1 interacts with the PPAR␥ LBD and that it has more favorable chemical properties than SR1664. Based on a LanthaScreen TR-FRET competitive binding assay (Fig. 2b) and surface plasmon resonance analyses ( Fig. 2a ), UHC1 had a half-maximum inhibitory concentration (IC 50 ) for the PPAR␥ LBD of ϳ800 nmol/l to PPAR␥ LBD, which is 6 -7-fold higher than that of rosiglitazone, but much lower than that of pioglitazone (16) .
UHC1 Specifically Blocks CDK5-mediated PPAR␥ Phosphorylation-Next, we assessed whether UHC1 modulated CDK5mediated PPAR␥ phosphorylation using in vitro kinase assays. As shown in Fig. 3a , UHC1 specifically inhibited PPAR␥ phosphorylation in a dose-dependent manner. Interestingly, UHC1 caused more potent inhibition of PPAR␥ phosphorylation than SR1664. Although the binding affinity of UHC1 for PPAR␥ was slightly weaker than that of rosiglitazone ( Fig. 2b) , UHC1 had a more potent effect on inhibiting CDK5-mediated PPAR␥ phosphorylation at a 10 mol/liter concentration than rosiglitazone (Fig. 3a) . UHC1 also inhibited TNF-␣-mediated PPAR␥ phosphorylation in adipocytes (Fig. 3c ). Importantly, UHC1 did not block CDK5-mediated Rb phosphorylation, suggesting that UHC1 affects PPAR␥ selectively and directly (Fig. 3b ). Taken together, these data suggest that UHC1 is a novel PPAR␥ ligand with strong affinity for PPAR␥ and that it blocks specifically CDK5-mediated PPAR␥ phosphorylation.
UHC1 Does Not Affect Adipogenesis-It has been well known that PPAR␥ activation is necessary and sufficient for adipocytes differentiation (4). Therefore, if UHC1 is a classical transcriptional agonist, it would stimulate the differentiation of preadi-pocytes into mature adipocytes (17) . As shown in Fig. 4a , treatment with UHC1 did not stimulate PPAR␥ transcriptional activity, as assessed by a luciferase assay in HEK-293 cells expressing a PPRE-containing luciferase construct. Consistent with a previous study (14) , MRL24 was a partial agonist of PPAR␥, whereas SR1664 did not have any agonism of PPAR␥ (Fig. 4a ). In addition, rosiglitazone potently stimulated adipocytes differentiation, whereas UHC1or SR1664 did not increase lipid accumulation at the same dose of ligands (10 mol/liter) (Fig. 4b) . Moreover, the expression of classical adipogenic markers was increased significantly by rosiglitazone, but not by UHC1 or SR1664 (Fig. 4c ). Furthermore, UHC1 significantly regulated the expression of 14/17 genes, which were dystregulated by CDK5-mediated PPAR␥ phosphorylation in fully differentiated adipocytes ( Fig. 4d) (13) . Therefore, these data suggest that UHC1 is not a classical transcriptional agonist of PPAR␥ and specifically regulates CDK5-mediated PPAR␥ phosphorylation.
UHC1 Has Anti-inflammatory Effects on 3T3-L1 Adipocytes and Macrophages-It has been suggested that the activation of PPAR␥ by TZDs ameliorates inflammation in many different tissues by inhibiting the expression of proinflammatory genes and/or activating anti-inflammatory genes (18 -20) . In adipose tissue, adipocytes and infiltrated macrophages are important sources of inflammatory molecules; therefore, we assessed whether UHC1 suppressed the inflammatory response in adipocytes and macrophages. Treating 3T3-L1 adipocytes with TNF-␣ stimulated the expression of proinflammatory genes, including interleukin-1␤ (IL-1␤), IL-6, monocyte chemoattractant protein-1 (MCP-1), and TNF-␣ (Fig. 5a ). Pre-incubation with UHC1 suppressed the TNF-␣-induced proinflammatory response (Fig. 5a ). Similar results were obtained in Raw264.7 macrophages following treatment with lipopolysaccharide (LPS) (Fig. 5b ). In addition, UHC1 reduced LPS-induced nitric oxide (NO) production, which is critical for the inflammatory response in Raw264.7 macrophages (Fig. 5c) (21) . Importantly, the inhibitory effects of UHC1 on proinflammatory gene expression were stronger than SR1664 at the same concentration (Fig. 5, a and b) .
To determine whether the phosphorylation of PPAR␥ at Ser-273 played a role in the proinflammatory response, we measured LPS-induced inflammation after overexpressing wild type PPAR␥ (PPAR␥WT) or a phosphorylation-deficient PPAR␥ mutant (PPAR␥S273A) in Raw264.7 macrophages. Surprisingly, PPAR␥S273A suppressed LPS-induced IL-1␤, MCP-1, and IL-6 expression more efficiently than PPAR␥WT without altering the expression of PPAR␥ itself. However, PPAR␥S273A did not suppress the expression of TNF-␣, whereas treatment with UHC1 did, suggesting that the phosphorylation of PPAR␥ at Ser-273 regulates the inflammatory response, and UHC1 might regulate specific proinflammatory genes in a PPAR␥-dependent and -independent manner.
UHC1 Has Potent Anti-diabetic Effects in Vivo-To explore the effect of UHC1 in vivo, we treated HFD-fed mice with UHC1 or SR1664. As shown in Fig. 6a , treatment with 30 mg/kg/day UHC1 or SR1664 for 7 days reduced PPAR␥ phosphorylation at Ser-273 in adipose tissue. Importantly, treatment with UHC1 dramatically improved the glucose tolerance of HFD-fed mice and reduced their fasting glucose and insulin levels and percent of HbA1c without changing their body weight (Fig. 6, b-e and j) . Although SR1664 also improved glucose tolerance, UHC1 exerted more potent effects on glucose FIGURE 5. Suppression of proinflammatory gene expression by UHC1 in vitro. a, differentiated 3T3-L1 adipocytes were incubated with rosiglitazone (Rosi), UHC1, or SR1664 for 24 h and were treated with TNF-␣ (10 ng/ml) for 3 h. b, Raw264.7 macrophages were incubated with rosiglitazone, UHC1, or SR1664 at specific concentration for 24 h and were treated with LPS (100 ng/ml) for 6 h. Relative gene expression was determined by qPCR. c, Raw264.7 cells were preincubated with UHC1 at specific concentration for 1 h and were treated with LPS (100 ng/ml) for 24 h. The amount of nitrite in cell-free culture supernatants was measured using Griess reagent. d, Raw264.7 macrophages expressing PPAR␥WT or PPAR␥S273A were treated with LPS (100 ng/ml) for 6 h. Relative gene expression was determined by qPCR. Error bars are S.E. (n ϭ 3). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 compared with control; ###, p Ͻ 0.001 compared between PPAR␥WT and PPAR␥S273A. n.s., not significant; NT, not treated. tolerance (Fig. 6b ). In addition, reductions in serum basal triglycerides, cholesterol, and FFAs were detected, suggesting improved insulin sensitivity in the adipose tissue of UHC1treated mice (Fig. 6, g-i) . Furthermore, UHC1 altered the expression of 12 of the 17 genes that were dysregulated by CDK5-mediated PPAR␥ phosphorylation (Fig. 6k) (13) . For example, the mRNA and serum levels of adiponectin, which is known to protect against obesity and diabetes, were increased by UHC1 (Fig. 6, f and k) (22) . These data suggest that the anti-diabetic PPAR␥ ligand UHC1 inhibited CDK5-mediated PPAR␥ phosphorylation in vivo and reversed the changes in gene expression associated with PPAR␥ phosphorylation.
UHC1 Ameliorates Inflammation in Vivo-To further investigate the effect of UHC1 on adipose tissue, we assessed the expression of genes related to inflammation and lipolysis. As shown in Fig. 7, a and b , treatment with UHC1 for 7 days in high-fat fed mice reduced significantly IL-6 (a proinflammatory M1 macrophage marker), whereas IL-10 and arginase (antiinflammatory M2 macrophage markers) were increased. Fur-thermore, when we administrated with UHC1 or SR1664 for 21 days in high fat-fed mice, the expressions of proinflammatory genes including IL-1␤, IL-6, MCP-1, and TNF-␣ were reduced significantly, and these effects were more dramatic with UHC1 treatment than SR1664 (Fig. 7c ). Taken together, these results strongly suggest that UHC1 has more potent anti-inflammatory activity than SR1664.
It has shown that the products of lipolysis such as fatty acids induce inflammation in adipose tissue (23, 24) . Therefore, we next analyzed the expression of genes that are associated with lipolysis. As shown in Fig. 7d , HFD-fed mice treated with UHC1 exhibited dramatically reduced expression of monoacylglycerol lipase (MGL) and hormone-sensitive lipase (HSL), which play roles in lipolysis and energy metabolism (25, 26) . Consistent with the observations described above, UHC1 exerted these effects more potently than SR1664. Decreased expression of lipolysis-related genes was well correlated with reduced circulating FFA levels in the UHC1-treated mice (Fig. 6i ). Together, these data suggest that UHC1 effectively suppressed the inflam- matory response by regulating the expression of proinflammatory and anti-inflammatory genes. These effects might be associated with reduced levels of FFAs from lipolysis and could eventually improve insulin sensitivity.
UHC1 Exerts Its Pharmacological Properties without Side Effects-TZDs such as rosiglitazone cause weight gain, fluid retention, and bond fractures, which all contribute to increased cardiac dysfunction (27, 28) . These severe side effects are thought to be due to off-target actions by TZDs. Therefore, we hypothesized that UHC1, which is not a classical agonist of PPAR␥, might avoid these side effects. As shown in Fig. 8 , HFDfed mice treated with rosiglitazone for 14 days exhibited increased body weight and a significant reduced hematocrit. However, UHC1 had no effect on body weight or hemodilution (Fig. 8, a and b) , whereas both rosiglitazone and UHC1 improved glucose tolerance at similar level (Fig. 8c) . These data suggest that UHC1 exerts potent anti-diabetic actions without causing the same side effects as TZDs in vivo.
DISCUSSION
TZDs have been widely used to treat type 2 diabetes (1, 2, 6) . However, Avandia (rosiglitazone) was withdrawn in 2010 due to severe side effects such as heart failure, weight gain, and fluid retention. Recently, we reported that the non-agonist PPAR␥ ligand SR1664 blocked CDK5-mediated PPAR␥ phosphorylation and exerted potent anti-diabetic effects with no side effects (14) . However, SR1664 has poor pharmacokinetics and solubility. Therefore, we improved the chemical properties of SR1664 using in silico docking studies for rational drug design. In the current study, we demonstrated that the novel PPAR␥ ligand UHC1 has more potent anti-diabetic activity than SR1664 in vivo (Fig. 6 ). Furthermore, UHC1 has dramatically improved chemical properties (Fig. 1, b-d) and more potently inhibited CDK5-mediated phosphorylation of PPAR␥ and the proinflammatory response compared with SR1664, both in vitro and in vivo (Figs. 3, 5, and 7) . These data indicate that UHC1 could be a novel therapeutic agent to target PPAR␥ by overcoming the disadvantages of SR1664.
Chronic inflammation is associated with obesity, insulin resistance, and type-2 diabetes (29, 30) . Therefore, we hypothesized that UHC1 regulates the inflammatory response. As expected, treatment with UHC1 significantly inhibited TNF-␣or LPS-induced proinflammatory responses in adipocytes and macrophages, respectively (Fig. 5) . In adipose tissues, UHC1 also reduced IL-1␤, IL-6, MCP-1, and TNF-␣ expression, consistent with in vitro experiments. Adipose tissue macrophages are classified with classically activated M1 macrophages and alternatively activated M2 macrophages (30, 31) . The M1 macrophages contribute to the development of insulin resistance, whereas alternatively activated the M2 macrophages ameliorate insulin resistance (30) . In our study, UHC1 concomitantly increased the M2 macrophage marker genes arginase and IL-10 ( Fig. 7b ). Thus, these results suggest that UHC1 can redirect adipose tissue macrophages from the M1 to the M2 polarization state, which contributes to the anti-inflammatory responses of adipose tissue macrophages in HFD-fed mice. Consistent with this, previous reports demonstrated that the activation of PPAR␥ by pioglitazone promoted recruitment and alternatively activation of adipose tissue macrophages, reduced inflammation, and improved insulin sensitivity (32) (33) (34) (35) . We also revealed that blocking the phosphorylation of PPAR␥ at Ser-273 could suppress LPS-mediated proinflammatory gene expression ( Fig. 5d ). Therefore, it is likely that modulating PPAR␥ phosphorylation is an important mechanism for the anti-diabetic effects of PPAR␥ ligands in macrophages.
The lipolysis of adipose tissue leads to the hydrolysis of triglycerides and the release of FFAs (36) . Circulating levels of FFAs are usually elevated in obesity and type 2 diabetes (37), where they activate the classical inflammatory response in macrophages; this can lead to the development of insulin resistance and metabolic syndrome. Therefore, adipose tissue lipolysis is a major target for anti-diabetes drug development (37, 38) . Adipose triglyceride lipase is the rate-limiting enzyme for lipolysis, and mice lacking this enzyme exhibit reduced levels of plasma FFAs (39, 40) . Although the expression of adipose triglyceride lipase was unchanged by the UHC1 treatment in our study, UHC1 reduced the expression of MGL and HSL (Fig. 7d ). MGL is a key enzyme in lipolysis that converts monoglycerol to glycerol and FFAs. HSL can hydrolyze triacylglycerols to release FFAs. The physiological role of MGL was revealed in MGL-deficient mice, which exhibited impaired lipolysis and improved diet-induced insulin resistance (26) . In addition, the impaired lipolysis by disrupting HSL expression affected HFDinduced obesity and adipose-derived hormone levels (25) . The UHC1-mediated decrease in MGL or HSL gene expression is consistent with the reduced circulating FFA levels in UHC1treated HFD-fed mice (Fig. 6i ). Together, our results suggest that blocking phosphorylation of PPAR␥ with UHC1 efficiently reduced the inflammatory response in vitro and in vivo, and these anti-inflammatory effects were partially due to reducing the release of FFAs from adipose tissue.
Severe side effects of TZDs, including weight gain and fluid retention, occur rapidly in both humans and mice (12, 27, 28) . As shown in Fig. 8 , increased body weight and fluid retention were observed in mice treated with rosiglitazone for 2 weeks. However, UHC1 did not cause these effects but dramatically improved insulin sensitivity. Although long term administration must be performed to evaluate whether UHC1 exerts any other side effects, these data suggest that UHC1 improves insu- Novel Anti-diabetic Non-agonist PPAR␥ Ligand SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 26627 lin sensitivity without stimulating acute fluid retention or weight gain.
